Despite the fact that the artificial storage media have been known for decades, there are still ongoing studies aiming at improving their contents or developing new concepts of the storage of the corneas [6] . In addition, the very well established storage media are also the subjects of the investigation of their impact on biochemical properties of the grafts [7] [8] [9] . Other studies aim at establishing a link between the storage duration or the storage technique and the transplantation outcome [10] . All these studies are of great interest of ophthalmologists, especially those involved in cornea grafting. Nowadays, clinicians possess a detailed knowledge about the morphology changes appearing in corneas during their preservation in the storage media and this knowledge is used for the evaluation of the graft prior to the transplantation procedure [11, 12] . Unfortunately, it is still not very much known about the immediate biochemical changes that appear in the tissue during the first few days of the storage.
The aim of this study was to reveal the biochemical changes in human transplant tissue transferred from the natural environment to the artificial storage media. We used cornea tissues obtained from healthy donors and applied the NMR spectroscopy tool for the metabolomic analysis.
Methods
The study adhered to the tenets of the Declaration of Helsinki and local regulations with regard to the human studies and the use of human tissues and organs, and has been filed with the Bioethics Committee of the Medical University of Warsaw which has acknowledged the protocol of the study and has raised no objection.
Corneas: Eight human corneas were obtained from ten 58-67 years old donors 4-8 hour's post-mortem. No systemic or chronic disease or recent medication was reported in donors. None of the donors were a heavy alcohol drinker, or infected with a hepatitis virus, or suffered from an autoimmune disease or cancer. After evaluations by slit lamp biomicroscopy of the cornea quality compliance with European Eye Bank Association criteria [11] , corneal buttons of 10 mm diameter (calliper-measured) were excised free of sclera and limbal rim. Then, a quarter of cornea (pizza slice) was separated and immediately frozen at -80°C until analyzed. These samples were considered control. The remaining tissue was placed in the Eusol-C (Alchimia Srl, Padova, Italy) storage medium at +4°C. Every day the quarter of the cornea was separated from the remaining tissue, rinsed with cold (+4°C) sterile 0.9% (w/v) NaCl solution and frozen at -80°C. The corneas were collected for 3 days.
The corneas used for this study were disqualified for transplantation due to some epithelial damage inflicted upon dissecting. C MAS probe. The samples were spun at 5000 Hz and the number of scans was 512. Water suppression was done employing a pre-saturation selective pulse. Exponential line broadening of 0.3 Hz was used. Carr-Purcell-Meiboom-Gill spectra analysis was performed using MestreNova v. 5.1.0 software (Mestrelab Research, Santiago de Compostela, Spain). Peak areas were measured using absolute integrals and were normalized by the wet weight of the measured samples (weight range of corneal samples; immediately frozen: 7.3-12.1 mg; stored for: 1 day: 7.1-12.2 mg, 2 days: 7.4-11.9 mg, 3 days: 7.3-12.0 mg) and assignment of the metabolites in the spectra were performed as described earlier [7] [8] [9] .
High-Resolution
Statistical analysis: Detection limits for the studied metabolites are relatively high (in μM range) in HR MAS 1 H NMR spectroscopy. The absence of any of these metabolites was unlikely, and using metabolite titers of "0" for those below the respective detection limit would distort the outcome of statistical analysis. Hence, such 'null' titers were omitted.
Metabolite content data were analyzed by repeated measures one-way ANOVA with time of cornea storage in medium as the repeated measure factor. Then pairwise comparisons for all metabolites were done with Bonferroni correction (program R, ver. 2.10)
Results
Among all 24 low molecular weight metabolites assigned in the HR MAS 1 H NMR spectra (for a representative spectrum see (Figure 1 ) six compounds were shown to change their concentration levels during the 3-days storage. Glutamate and phenylalanine were below the detection limit in the samples kept in Eusol-C. The levels of ATP, formate and methionine in the samples kept in Eusol-C for 2-3 days were significantly lower than in the control. Butyrate was not detected in the control samples ( Figure 2 ).
The endothelial cell density (ECD) measurements of all corneas involved in the study showed the values between 2450-2750 cells/mm 2 . No significant ECD differences between the groups of samples were revealed.
Discussion
HR MAS (High-Resolution Magic Angle Spinning) 1 H NMR (Proton Nuclear Magnetic Resonance) spectroscopy method has one primary advantage as an analytic tool compared to other methods: it allows obtaining large amounts of data from a single sample. However, it should be emphasized that the metabolite levels of compounds assigned in NMR spectroscopy reflect an averaged contents of the entire ('intact') tissue that is composed of several distinct cell types/layers. In addition, the compounds assigned in the 1 H spectra are limited to free, unbound, low molecular weight compounds. So, the method does not provide any information about 'the reserves' of the biochemical that could be chemically bound to bigger structures or molecules in the investigated tissue, but rather highlights the metabolic properties regarding the time-dependent changes of the concentrations of the assigned free compounds [13] .
Transferring cells or tissues from a host environment to the storage systems has a great importance, e.g., in transplantation, especially in the situations when a grafted organ cannot be transferred directly from a donor to its recipient. The preservation of the in vivo properties of the organ in the in vitro conditions is, despite the immune characteristics, one of the most pivotal factors deciding about a success or a failure of grafting [1, 2] . Some exception is the cornea transplantation, as the early outcomes of this procedure are usually excellent with a graft survival in about 90% of the cases in one year after the surgery [14] . This somehow results from the fact that cornea tissues are immune-privileged and the present-day surgery or eye banking procedures have significantly improved with years [15] . However, it should be emphasized that there are still some graft rejections reported of the unknown reasons, despite all the improvements mentioned above [14] .
There are two main types of storage systems used for cornea banking: a warm and a hypothermic (cold) storage [16] . Under the hypothermic storage that was used in this study, the cornea is generally maintained in a commercially available medium at 2-8°C, in the closed system from the preparation to the grafting. Low temperatures were supposed to minimize or even inhibit the cell metabolism and then, to reduce a cellular demand for metabolic energy and nutrients. In general, the aim of such approach was to preserve the original (in vivo) properties of the cornea [16] . However, the storage medium always represents a stressful environment for the donor tissue as no composition of the medium can replace the contents of the natural lachrymal fluid being the mixture of several compounds or secretions from glands located in the tissues circumventing the eye [17, 18] .
Although the low temperature should minimize the cell metabolism, ATP levels were shown to decrease within the first days of the storage in Eusol-C (Figure 2) . We have no explanation for such results except the suggestion that to protect the cells/tissue from the damage, the excess of ATP as an energy source, was displaced for maintaining the primary, at least, enzymatic systems protecting the cells. This consumption of ATP was not counterbalanced by its production, possibly due to the low temperature of the storage medium. The changes in ATP levels observed in this study confirmed the previous report by Redbrake et al. and [19] showing a similar pattern of energy changes and increasing with time of the storage number of the damaged endothelial cells in the tissue. The thesis about the elevated protection-related consumption of ATP might be supported by the observed changes in the levels of the formate (Figure 2 ). This biochemical compound serves among others as an anti-oxidant protecting cell from oxidative damage [20] . Its deprivation in the tissue might suggest the increased exposition of cells to free radical species and indirectly -confirm the increased energy utilization.
Interestingly, methionine showed an identical pattern of concentration changes as ATP and the formate while glutamate and phenylalanine were decreased to even the undetectable concentration levels in the preserved samples (Figure 2) . There are several possible explanations of such a phenomenon: e.g., an increased turnover or synthesis of the cellular proteins, a malfunction of some of the enzymatic systems in cells or a transient loss of the integrity of cellular membranes leading to the outflow of amino acids to the medium. The latter option should be particularly considered regarding the previous reports on the cornea cells death that increased during the cold storage [19, [21] [22] [23] . In addition, the results of this study also support this mechanism of the deprivation of biochemical compounds in corneas. Free butyrate, a short chain fatty acid forming esters being the components of the cellular membranes and additional energy source [24] , reached the detectable levels in the preserved cornea samples (Figure 2 ). On the other hand, Eusol-C although a very basic medium -contains, among others, amino acids [25] . Then both, the release of metabolites from dying or dead cells to the adjacent tissue or into the storage medium as well as transporting chemical compounds from the storage medium to the tissue should also be considered.
The oxidative stress or any metabolic imbalances were never considered important in the qualification of the corneas for grafting. Much more attention was, and is still paid, to the immune factors, the presence of infectious pathogens and the cellular or structural integrity of the tissue and etc [11, 12] . One should realize that the disintegration of the cells and tissue usually begins at the molecular level, when one metabolic compound exceeds the normal level or disappears from the cellular space leading to, for example, the malfunction of the individual, or many, metabolic pathway(s). If the disorder persists and no metabolic compensation mechanism is efficient enough to reverse the imbalance, the biochemical abnormalities accumulate till they reach the level of the irreversible changes that lead to the cell(s) death. The problem is that it is sometimes a long way from disturbing the metabolic pathways to the first symptoms of a cell death [26] . Possibly, the process that begins during the storage in an artificial medium might continue after the transplant procedure. Then, the recipient may face a sudden graft rejection that is clinically described as 'of the unknown reasons' , which sometimes happens in the cornea transplantation [14] . A further research should explore this issue.
